A technique of continuous filtration of T4-infected Escherichia coli has been devised to study the phenomenon of lysis inhibition. Studies using this technique revealed that the length of the lysis delay caused by superinfection can attain only certain discrete values, which for low average multiplicity of superinfection is thought to be a reflection of the actual number of superinfecting particles per cell. The time interval between primary and superinfection had little effect on the length of lysis delay. With increasing rate of superinfection, the length of lysis delay decreased. In superinfected cells, the concentration of endolysin exceeded the final concentration in nonsuperinfected cells. Superinfection of a lysing culture induced lysis inhibition immediately. Temperature-shift experiments, with cells primarily infected by a temperature-sensitive endolysin mutant, revealed that after the normal latent period superinfection was unable to induce lysis inhibition. Amber-restrictive cells, which were primarily infected by an endolysin negative amber mutant, released adenosine triphosphate (ATP) at the end of the normal latent period although lysis did not occur. Superinfection reduced the loss of ATP markedly. The hypothetical role of the cytoplasmic membrane in lysis inhibition is discussed. 
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Cultures of Escherichia coli infected by wildtype (r+) T-even bacteriophage do not lyse for several hours if the infection is initiated and maintained at a cell concentration of about 4 X 107 cells/ml or higher. This phenomenon was termed "lysis inhibition" by Doermann (2) , who demonstrated that secondary infection or superinfection by the phage present in the medium caused the inhibition. One-step growth experiments at cell concentrations lower than 106 cells/ml do not show long-term lysis inhibition, but lysis is delayed for about 10 min if the cells have been superinfected with multiplicites of superinfection ranging from 2 to 50 (at 37 C). The length of the delay of lysis was found by Doermann (2) to be constant and independent of the time of superinfection. Rutberg and Rutberg (7) , on the contrary, observed an increase of the length of delay when they increased the interval between primary and superinfection. Our 
RESULTS
Effect of variation of time and multiplicity oJ superinfection on the delay of lysis in one-step growth experiments. The time of lysis of an infected culture can be described either by the time at which the rate of lysis (the first derivative of the one-step growth curve) passes through its maximum or by the interval from beginning to termination of lysis. Thus it was desirable to obtain one-step growth curves which showed welldefined plateaus and inflection points. (One-step growth experiments actually measure release of phage. Since the rate of phage maturation to burst size is small compared to the average rate of lysis, the kinetics of released phage and of lysis must be very similar.)
It turned out that the shape of lysis curves is dependent on the temperature, the medium used, the state of the bacteria, the multiplicity of superinfection, and the time of superinfection. In PAGFe medium, for instance, the length of the delay of lysis increased with decreasing concentrations of supplementing Vitamin Free Casamino Acids, whereas the cessation of phage maturation was independent of the type of medium used. Optimal lysis curves, with termination of phage maturation and lysis coinciding, were obtained with E. coli S/6/5 in exponential growth phase using Hershey's enriched broth (HB) at 37 C.
The main effects of varying time and multiplicity of superinfection of lysis can be seen in Fig. 1 ; they are summarized in Table 1 . The curves we obtained did not permit a reliable determination of the time at which the maximal rate of lysis occurred.
The results suggest that increasing the MOSI or the interval between primary and superininfection, shifts lysis to later times. Doermann Fig. 1 ) divided by the sum of these areas. Superinfection at 5 min after primary infection yielded curves with the same trend, namely, increasing multiplicity caused the peaks to appear later (Fig. 3) . The time of appearance of corresponding peaks is different in the experiments of Fig. 2 were superinfected around 15 min for varying lengths of time keeping the MOSI constant (Fig. 4) . Inspection of Fig. 4 reveals that the shorter the period of superinfection the earlier arresting the lytic process. Optical density measurements of cultures infected by a late T4 amber mutant (to prevent autosuperinfection) indicated that even after lysis in a culture had started, superinfection could still induce lysis inhibition (Fig. 6) . The almost instant response to superinfection suggests that the fraction of cells which has passed the critical time is very small or that the period between the critical time and actual lysis is very short. Independent of the mechanism of lysis, one might assume that there has to be a critical time at which the cells become sensitive to endolysin. We werenergy inte studying the behavior of ATP before the cells lyse, and therefore chose conditions which precluded cell lysis. To achieve this, primary infection was performed with an endolysin-negative amber mutant infecting E. coli S/6/5, a restrictive host. Upon primary infection, cells commence to discharge ATP into the medium (Fig. 8) . Thereafter, throughout the latent period, the cells continuously leak ATP at a moderate rate; near the end of the latent period the rate changes rapidly to a much larger value. Superinfection reduces the rate of leaking in this final stage by a factor of 5. Cells infected by an endolysin producing late amber mutant yielded similar results.
DISCUSSION
The resolution power of one-step growth experiments has been substantially increased in the present work by using a technique which measures directly the rate of phage release. With this technique, it was possible to resolve the lysis curves of superinfected cultures into several discrete subclasses of lysis maxima (Fig. 2 to 4) . At low multiplicity of superinfection, individual lysis maxima result from simultaneous lysis of cells which very probably have been superinfected by the same number of phage. It became clear that the length of lysis delay is determined primarily by the actual MOSI per cell, whereas the time of superinfection influences the lysis delay only to a small extent. Experiments with constant MOSI and varying duration of superinfection revealed that the faster subsequent superinfections follow each other the less effective they become (Fig. 4) . This result could be interpreted in at least two ways: (i) the number of superinfections per cell, or (ii) the amount of DNA or some other material of the superinfecting phage determines the length of lysis delay. The fraction of 32P from superinfecting DNA which leaks into the medium is surprisingly constant (3) . Applying the first hypothesis, the explanation of the rate effect would be as follows. The system which receives superinfections as lysis inhibition-inducing stimuli cannot recognize two subsequent superinfections (of one cell) as descrete stimuli if they follow each other too closely. According to the second hypothesis one must assume that, with increasing rate of superinfection, the maximal length of lysis delay which can be displayed by cells shortens, or that more superinfecting material gets lost. The second assumptions seem to us less plausible than the earlier one. The small effect of varying the time of superinfection on the length of lysis delay (Fig. 2 and 3) suggests a model in which the process of lysis delay starts at a constant time (reference point).
The reference point might be identical with the end of the normal latent period. Cells change drastically at this point even if lysis does not occur because of lack of endolysin. Oxygen uptake stops (6), ATP is released (Fig. 8) , and the ability to respond to superinfection by lysis inhibition is lost (Fig. 7) . We favor a model in which the site of lysis inhibition is located in the cytoplasmic membrane, but at this stage of our knowledge of lysis inhibition other models cannot be excluded. In primarily infected cells, the membrane changes (conformational change) at the end of the latent period in such a way that ATP is released and respiratory enzymes become inactive. Because of lack of available energy, the membrane disintegrates and thus permits endolysin to attack the cell wall. A more direct possibility is that depletion of usable energy terminates repair of endolysin-induced cell-wall damage (in this case endolysin would have to penetrate the membrane before the end of the latent period).
If certain prerequisites are met, superinfection interferes with this chain of events. The prerequisites are primary infection by r4 phage and protein synthesis after primary infection, i.e., expression of r4 function (unpublished data). In successfully superinfected cells at the end of the normal latent period (the reference point), the very first changes of the membrane might also occur, but not the key one which is responsible for release of ATP (Fig. 8) . At least two hypothetical mechanisms can be envisaged by which superinfection could change the behavior of the membrane after the end of the normal latent period: superinfection causes (i) a conformational change, or (ii) a change in the environment of the membrane (probably only in the interstitial space between membrane and wall). Both mechanisms must either slow down the normal lytic process, which starts with some minor initial change in the membrane and ends with lysis, or activate a different process which is typical for superinfected membranes. This process is affected in some way by the multiplicity of superinfection. The number of possible hypothetical explanations is still too large to be discussed here. An interesting possibility is suggested by Lehninger's studies (4) of swelling cycles of mitochondria in which the mitochondrial membrane and ATP play a central role.
